An original approach to selective doping of Si by antimony (Sb) in molecular beam epitaxy (MBE) is proposed and verified experimentally. This approach is based on controllable utilization of the effect of Sb segregation. In particular, the sharp dependence of Sb segregation on growth temperature in the range of 300-550 C is exploited. The growth temperature variations between the kinetically limited and maximum segregation regimes are suggested to be utilized in order to obtain selectively doped structures with abrupt doping profiles. It is demonstrated that the proposed technique allows formation of selectively doped Si:Sb layers, including delta (d-)doped layers in which Sb concentrations can be varied from 5 Â 10 15 to 10 20 cm
I. INTRODUCTION
Construction of many semiconductor devices such as high-mobility bipolar and field transistors, resonant tunneling diodes, photodetectors, etc., involves formation of layers with dopants of different types and concentrations in a single epitaxial structure. This requires development of appropriate doping techniques during the epitaxial growth of Si and silicon-based heterostructures. Although the doped layers' parameter requirements vary in different devices, some general conditions can be formulated. They include formation of layers with the doping level varying by several orders of magnitude on a nanometer scale, the so-called d-doped layers, and heavily doped layers of a high crystalline quality. [1] [2] [3] MBE is a widely used technique for growth of Si and Si-based heterostructures. However, it is well known 1, 4 that there is a "doping problem" of Si and SiGe structures due to a strong segregation of the main donor impurities such as Sb, P, and As. Antimony is the most practical n-type dopant in Si MBE, and the segregation effect in the Si:Sb system has been intensively investigated experimentally and theoretically by different research groups. [5] [6] [7] [8] [9] [10] [11] [12] A brief overview of the results obtained to date is presented below.
The widely used segregation model is the two-state exchange model proposed by Jorke 6 with reference to the Si:Sb system. In the framework of this model the segregation process was described as atomic exchanges on terraces between the surface and subsurface states having different energies. The surface state is energetically favorable for the segregating atoms, leading to their accumulation on the surface, and so this energy difference can be regarded as the thermodynamic driving force of segregation.
The "segregation ratio" r, defined as the ratio of the surface to bulk Sb atom concentrations, was introduced for quantitative description of the segregation process. 6 (The normalized dimensionless segregation ratio is also frequently used; it is obtained by division of the dimensional segregation ratio by the thickness of one monolayer). 7 If the impurity desorption is negligible, the dimensionless segregation ratio indicates how many times the amount of atoms segregated on the surface is larger than that incorporated in the bulk.
Jorke 6 has found two temperature regimes-the equilibrium segregation at high temperatures (T g > 530 C) and the kinetically limited segregation at low temperatures (T g < 530 C), and predicted a nearly complete suppression of Sb segregation in Si at relatively low (<400 C) temperatures (Fig. 1 ). However, further experimental investigations [7] [8] [9] 11 have revealed that Sb segregation remains significant even at low temperatures, down to the values of 250-300 C at which degradation of the crystalline quality of MBE grown Si layers occurs (Fig. 1) . To explain the anomalous Sb segregation at low temperatures, a surface diffusion model was proposed 8 that considers the segregation process on the vicinal surface. In this model dopant segregation occurs via atomic climbs on the steps, whereas incorporation occurs if the segregating atom is blocked at a step place by another atom. The incorporation probability of impurity atoms in this case is controlled by the surface diffusion of Si atoms. The predictions within this model 8 are good enough to interpret lowtemperature behavior, but strongly deviate from the experimental data in the high-temperature range (Fig. 1) . A more general model was developed later, in which two segregation a)
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V C 2011 American Institute of Physics 109, 113533-1 mechanisms were considered: the atomic exchanges on terraces that dominates at high temperatures and the step hopping mechanism responsible for low-temperature segregation. 12 With an appropriate choice of four fitting parameters this model allows explaining of the experimental data for Sb segregation in Si both at high and low growth temperatures (Fig. 1) .
Several approaches have been proposed by now in order to suppress Sb segregation in Si, such as ultra low-temperature (T g < 300 C) MBE (ULTMBE), 13, 14 solid phase epitaxy (SPE), 15, 16 different methods of ion implantation, 17, 18 or usage of atomic H as a surfactant. 19 However, they all have drawbacks, like poor crystalline quality of the grown doped layers or technical problems of realization of these methods and the need for special sophisticated equipment for the MBE systems. Specifically, periodic annealing at high temperatures is necessary to improve the crystalline quality of doped Si layers obtained by the ULTMBE and SPE methods, [13] [14] [15] [16] which significantly slows down the growth process and may give rise to some undesirable features like development of surface roughness, smearing of interfaces, etc. The methods based on ion implantation would take re-equipment of the MBE system and high (!600 C) growth temperatures in order to avoid degradation of the crystalline quality of doped layers caused by radiation defects. 18 Furthermore, in some of these methods the electrical activation of Sb in doped layers is significantly below unity. 15, 19 In this paper, an original technique for controllable antimony doping of Si and fabrication of selectively doped (including d-doped) Si:Sb structures using the Sb segregation effect is presented. It is demonstrated that the proposed method allows formation of selectively doped single-and multilayer structures in which the doped layer thicknesses could vary from nanometers (d-doped layers) to hundreds of nanometers, and the change of impurity bulk concentration by an order of magnitude is reached on a nanometer scale. Realization of the proposed method would take neither too low (<300 C), nor too high (>600 C) growth temperatures, nor any special equipment for MBE machines.
II. DESCRIPTION OF THE PROPOSED METHOD
According to the results obtained to date, the segregation ratio of Sb in Si changes by more than 4 orders of magnitude when the growth temperature varies in a relatively narrow range of 300-550 C (Fig. 1) . Only one Sb atom in a million on the surface incorporates in Si layers grown at T g ¼ 500-550 C, whereas at T g ¼ 300 C this ratio rises to one in a hundred. A decrease of the growth temperature below 300 C for further reduction of the segregation ratio is undesirable because it leads also to a significant decrease of the critical thickness of Si epitaxial growth 20 and to degradation of the transport properties of doped layers. 11 It should also be noted that if the amount of Sb atoms on the growing film surface is less than 0.1 monolayer (ML) (1 ML % 6.8 Â 10 14 atoms/ cm 2 ), the segregation ratio is independent of the Sb surface concentration. 7 This factor and the growth rate being constant allow interlinking of the surface and bulk Sb concentrations unambiguously at any growth temperature and, thus, calculating of the bulk doping level in the grown films from known growth conditions.
In this paper the sharp r(T g ) dependence in the temperature range of T g ¼ 300-550 C is suggested to be used in order to achieve abrupt doping profiles and to form d-doped Si:Sb layers. The proposed procedure of fabricating selectively doped structures can be outlined as follows:
1. Predeposition of a fixed amount of Sb atoms and growth at low (300 < T g < 400 C) temperature should be used for fabrication of Si:Sb doped layers. The predeposition of Sb atoms is necessary to obtain an abrupt increase of Sb concentration and avoid redistribution of the dopant atoms at the initial stage of growth of a doped layer. In other words, with this predeposition a steady-state Sb surface concentration has already been reached prior to Si growth and additional smearing of the doping profile is absent. This predeposition step is similar to the prebuildup method proposed earlier. 21, 22 The Sb flux has to be maintained during growth of a doped Si:Sb layer in such a way as to compensate the decrease of the surface concentration of Sb atoms due to their incorporation in the bulk, thus providing a constant doping level. Knowing the r(T g ) dependence and the Sb flux, it is possible to calculate the doping profile depending on growth parameters. 2. To induce an abrupt decrease of the bulk Sb concentration and a subsequent formation of an undoped layer, the growth process should be interrupted and the temperature increased to T g ¼ 500-550 C. The segregation ratio is nearly maximum under these conditions and, in spite of the large amount of Sb atoms presenting on the surface, its bulk concentration in the layers grown at these temperatures will be rather small due to a very high value of r. Analysis of the r(T g ) dependence shows that the proposed method allows one to achieve a difference in the bulk Sb concentration between the doped and intentionally undoped layers of 3-4 orders of magnitude ( Fig. 1) . 3. Growth interruption with lowering of the substrate temperature should be used before formation of the next doped layer. The subsequent doped layer is formed at growth temperatures of 300 < T g < 400 C (similarly to the first one). The amount of Sb that has to be deposited prior to growth of that layer so as to achieve the required doping level and the Sb flux needed to keep the doping level constant are calculated using the r(T g ) dependence in the same way as described in step 1. If one needs to form a selectively doped multilayer structure, steps 2 and 3 should be repeated several times. 4. If a structure design requires removal of the residual amount of Sb from the surface after formation of all doped layers, it could be done by annealing at high temperatures, T g > 750 C, in order to desorb the Sb surface atoms or by post-growth "dry" or "wet" chemical etching of the thin Si:Sb surface layer.
It should be noted that in the proposed method of formation of selectively doped layers neither too low nor too high temperatures are required. This helps to avoid problems connected with degradation of crystalline quality at very low temperatures, whereas the absence of a "high-temperature stage" allows using this technique also for strained SiGe/Si structures selectively doped by Sb. Furthermore, no signs of degrading crystalline quality or transport properties were observed in the used range of growth temperatures T g ¼ 300-550 C even for rather thick doped layers ($500 nm). 23 Practical realization of the proposed method requires exact knowledge of the r(T g ) dependence and the Sb flux dependence on source parameters (e.g., temperature of the effusion cell). These dependences allow modeling of Sb distribution in Si at the different growth conditions and, inversely, determining the growth parameters (temperature of the substrate and of the effusion cell, current surface and bulk Sb concentrations) that are needed to achieve the desired doping profile at any stage of the growth process. The results of practical realization of the proposed technique for making selectively doped Si:Sb structures are presented below.
III. EXPERIMENTAL
All samples under investigation were grown on Si(001) substrates by solid source MBE on an UHV Riber SIVA-21 system. The base pressure in the growth chamber was <5 Â 10 À11 mBar. Si was deposited by e-beam evaporator with the rate of 0.1 nm/s, which was controlled by the quadrupole mass spectrometer and quartz sensor. Sb was evaporated from the effusion cell. The surface of the growing samples was monitored in situ by reflection high-energy electron diffraction (RHEED). Substrate temperature was controlled by infrared pyrometer (for T g > 500 C) and thermocouple. The fabricated structures were investigated by the secondary ion mass spectroscopy (SIMS), atomic force microscopy (AFM), transmission electron microscopy (TEM), Hall and capacitance-voltage (C-V) measurements. The SIMS analysis was performed using a TOF.SIMS-5 setup with a time-of-flight mass analyzer. Sputtering was executed by Cs þ ions with energies varying from 0.5 to 2 keV and a beam current of hundreds of nA. Heavy Bi þ ions (209 a.m.u.) with energies of 25 keV and a very small beam current of $1 pA were used for analysis. This regime makes it possible to obtain high sensitivity for nearly all heavy ions. The depth resolution in the conditions used for SIMS measurements is determined by low-energy sputtering ions. 24 In order to increase the SIMS sensitivity to Sb concentration the line corresponding to the 149 SiSb complex was analyzed in investigated structures instead of the line corresponding to the 121 Sb isotope. 4, 25 It allowed us to reach the SIMS sensitivity limit to Sb concentration of approximately 0.5-1.0 Â 10 17 cm
À3
, depending on the measurement conditions. TEM studies were performed on Philips CM20 and JEM 4010 electron microscopes with acceleration biases of 200 kV and 400 kV, respectively. Sample morphology was studied by AFM using an NTEGRA Prima NT-MDT microscope in the tapping mode.
The Hall measurements were carried out in van der Pauw geometry at room temperature. The charge carrier concentration profiles were obtained from measurements of the capacitance-voltage characteristics of Schottky diodes. Al contacts with diameters from 20 to 500 lm were formed by magnetron sputtering. Capacitance measurements were performed at room temperature at 1 MHz.
IV. RESULTS AND DISCUSSION
As was mentioned above, realization of the proposed method requires precise control of the Sb flux from the effusion cell. Therefore, careful calibration of the Sb flux dependence on the effusion cell temperature was performed prior to all other experiments. A series of test samples with uniformly doped 200 nm thick Si:Sb layers grown at a relatively low temperature of 320 C and different temperatures of the Sb effusion cell was fabricated for such calibration. The Sb concentration in these structures was evaluated by SIMS profiling, but the charge carrier concentration was found from the Hall effect measurements. The data obtained by these two methods coincide within the experimental uncertainty. Thus the dependence of the Sb atom flux (in the 10 10
À10
12 cm À2 s À1 range) on effusion cell temperature was determined with required precision. Moreover, this result provides evidence of full electrical activation of Sb atoms, which indicates that one can fabricate relatively thick heavily doped Si:Sb layers at such a low (T g ¼ 320 C) temperature without marked deterioration of the crystalline quality. The latter is confirmed by the fact that for all structures under study the RHEED pattern was streaked, which is typical for the planar growth mode without development of significant surface roughness or defect formation.
Because the experimental values of segregation ratio r reported by different groups of authors differ, 7-9,11 we carried out experiments for evaluating the r(T g ) dependence for our MBE system. The structures for this purpose were fabricated in the following manner: a 100 nm thick Si buffer was deposited on a Si(001) substrate, then the growth temperature was lowered and 0.1 ML of Sb was deposited. Then Sb was capped by a relatively thick Si layer at a rate of 0.1 nm/s. The Si cap layer was grown at temperatures in the range
C. Typical Sb distribution obtained by SIMS in the structures described above is presented in Fig. 2 . The segregation ratio is independent of Sb surface concentration, if the latter does not exceed 0.1 ML, 7 so smearing of the Sb distribution profile can be described as a simple exponential dependence (Fig. 2) . The average value of the segregation ratio was calculated for each Si cap layer growth temperature from the Sb distribution profiles obtained by SIMS and, in this way, the experimental r(T g ) dependence was evaluated. This dependence is close to that reported in Ref. 7 (Fig. 1) due to similar growth conditions. A simple computation model based on the experimentally obtained dependence r(T g ) and the Sb flux dependence on effusion cell temperature was developed. It allowed us to quantitatively determine the surface and bulk Sb concentrations subject to growth conditions (substrate and effusion cell temperatures, amount of Sb on the surface). The computation results were in good agreement with the experimental data (see Fig. 2 ), which gave us an opportunity to calculate the Sb distribution depending on growth parameters and realize the doping technique described in Sec. II.
Different kinds of doped Si:Sb structures were fabricated using the proposed technique. First, a series of structures consisting of doped layers with both high and low Sb concentration and abrupt transitions between one another was grown. Structures with such dopant distribution, on the one hand, testify to the capabilities of the proposed method and on the other hand, can be used for fabrication of the low-barrier Schottky diodes. 26 The growth conditions required to obtain the desired Sb distribution, shown in Fig. 3 , were calculated using the computation model. The growth sequence was as follows: 0.02 ML of Sb was predeposited on n þ Si substrate and then a 200 nm thick doped Si layer was grown at
. After that the growth process was interrupted, the temperature was raised to T g ¼ 550 C, and a 100 nm thick intentionally undoped Si layer was deposited. The top doped Si layer was formed by lowering the growth temperature to T g ¼ 325 C, depositing an additional 0. . The Sb distribution profile obtained experimentally by SIMS is presented in Fig. 3 . Good agreement between the experimental and calculated Sb distributions is seen for doped layers (Fig. 3) . The discrepancy in these data in the region of low Sb concentration is caused by the SIMS sensitivity limit to the Sb bulk concentration, which is $5 Â 10 16 cm
À3
. The Sb bulk concentration in the top heavily doped layer reached the value of 10 20 cm
. The abruptness of the Sb distribution profile was 2-3 nm/decade at the leading edge and 5-6 nm/decade at the trailing edge (Fig. 3) . The larger profile smearing at the trailing edge is related to the artifacts of ion sputtering which inheres in SIMS analysis. This supposition is confirmed by the increase of the profile smearing at the trailing edge with the increase of sputtering ion energy. It should be noted that a rather big difference between the atomic masses of Si (28 a.m.u.) and Sb (121 and 123 a.m.u.) results in the preferential sputtering of the lighter element and pronounced peak asymmetry (i.e., the trailing edge is additionally smeared as compared with the leading edge). Comparison of the Sb distribution profiles presented in Figs. 2 and 3, which were grown at constant temperature and using the proposed technique, respectively, shows that the Sb concentration gradient can be largely increased through variations of the growth temperature described above. So, by using our approach it is possible to fabricate Si:Sb layers in a wide range of doping levels and thicknesses with rather sharp Sb distribution profiles.
A separate structure was fabricated in order to determine the background doping level that could be achieved in nominally undoped Si layers grown by the proposed method. In this sample 0.05 ML of Sb was capped by a thick (1 lm) Si layer at T g ¼ 530 C that was estimated as the temperature at which the Sb segregation reaches its maximum (see Fig. 1 ). The C-V measurements revealed that the charge carrier concentration in the grown structure was 0. This value is much lower than the SIMS sensitivity limit to Sb atomic concentration (Fig. 3) . Therefore, the background Sb concentration in nominally undoped layers measured by SIMS is strongly overestimated (see Fig. 3 ). The value of the segregation ratio corresponding to the obtained Sb background doping level for T g ¼ 530
C is approximately r $ 2 Â 10 5 , which is less than the highest possible value (see Fig. 1 ). So we believe that it is possible to further reduce the minimum doping level by 5-10 times via a more precise adjustment of the growth temperature for maximum value of the segregation ratio.
The proposed approach was further used to form ddoped Sb layers in Si. The algorithm and growth parameters were evaluated within the developed computation model. The growth sequence was as follows: a Si buffer was grown on a Si(001) substrate at T g ¼ 500 C, then the growth was interrupted, the substrate temperature was lowered down to T g ¼ 320 C, 0.03 ML of Sb was deposited, and a 1 nm thick doped Si layer was grown at this temperature. After that the substrate temperature was raised to T g ¼ 550 C, followed by the growth of a 160 nm thick Si cap layer. The fabricated sample was dipped in diluted HF prior to the SIMS analysis in order to remove the surface native SiO 2 and the Sb atoms segregated to the surface.
The Sb distribution profile measured by SIMS is presented in Fig. 4(a) . There is a clearly resolved peak on the Sb distribution profile. As was mentioned above, the profile smearing at the trailing edge increases with an increase in the energy of the sputtering ions used in the SIMS analysis, which is clearly seen in Fig. 4(a) . For the Sb distribution profile corresponding to the sputtering ion energy of 1 keV the sharpness of $2 nm/decade at the leading edge and a full width at half maximum (FWHM) of $5 nm were obtained. The total amount of Sb in the doped region estimated from the SIMS analysis is 1À2 Â 10 13 cm
À2
. A multilayer structure of five d-doped layers was grown as the next step towards verification of the proposed technique for selective doping of Si. The procedure of formation of each d-doped Sb layer in this structure was similar to the growth sequence described earlier for the structure with one d-doped layer. These d-layers were separated by 22 nm thick undoped Si layers grown 520 C. In calculation of the appropriate growth parameters it was also taken into account that part of the Sb atoms that did not incorporate in the first dlayer would segregate through a high-temperature Si layer and, thus, could incorporate in the subsequent doped layer, leading to asymmetry in the doping levels between them. In order to avoid this undesired feature the surface and bulk Sb concentrations were calculated in each monolayer of the structure and the required corrections of predeposited Sb amounts for every d-doped layer were made.
The Sb distribution profile obtained for a multilayer doped structure is presented in Fig. 4(b) . The structure was not exposed to any chemical treatment before the SIMS analysis. Five doped regions separated by Si layers with a low (<10 17 cm À3 ) Sb concentration are distinctly seen. There is an additional surface layer with a high Sb concentration, which is related to the segregated Sb atoms [ Fig. 4(b) ]. Comparison between the Sb distribution profiles presented in Figs. 4(a) and 4(b) shows that it is possible to almost fully remove the Sb-enriched surface layer by chemical etching in diluted HF. According to the experimental SIMS data, abruptness of the concentration profile of such d-doped layers is approximately 2-3 nm/decade at the leading edge and their FWHM is 2.5-4 nm. One can see, however, a small increase in the FWHM value of the d-doped layers located farther from the surface. It is supposed that this increase of FWHM is the SIMS artifact related to the development of a surface roughness in the etched crater with increasing depth. The parameters of grown d-doped Sb layers in Si are comparable with the best results reported for Si structures grown by MBE. 14, 27, 28 The measured Sb profile in multilayer doped structures also indicates a good reproducibility of the results obtained by the proposed approach. It should be specifically noted that, according to the SIMS measurements, interruptions of the growth, which are needed in order to change the growth temperature, do not cause any additional contamination in the structures.
An additional sample was fabricated to estimate restrictions of the used SIMS equipment with respect to analysis of the Sb atomic distribution in layers with a high gradient of impurity atomic concentration. In this structure the d-layer of Sb was capped by a 20 nm thick Si layer at a growth temperature that was significantly below 100 C. The Si cap layer deposited at such a low temperature was amorphous, as was clearly observed by RHEED. Segregation of Sb atoms through such an amorphous Si layer is strongly suppressed 15, 16 and thus the Sb profile smearing obtained by SIMS indicates its depth resolution limit. Direct comparison of the SIMS profile of such an "ideal Sb d-layer" with one of those d-doped layers (nearest to the surface in Fig. 4(b) ) obtained with the proposed technique revealed their coincidence, with obvious asymmetry of the peak shapes (Fig. 5) .
Note that the SIMS analysis of those two structures was performed using Cs þ ions with a very low sputtering energy of 500 eV in order to minimize the uncertainty caused by atomic intermixing. Hence, this result clearly demonstrates that characteristics of Sb-doped layers such as profile abruptness and FWHM, obtained by SIMS, are overestimated and could actually be even better. The values determined from the SIMS measurements should be considered to be the upper limits for such parameters.
Although the RHEED data and the coincidence of Sb concentration values obtained by SIMS and Hall measurements indicate the high crystalline quality of the doped layers, TEM studies of grown structures were also carried out. No signs of additional defect formation in the doped Si structures as compared with the undoped ones were revealed by TEM for all types of samples under study, which is direct evidence of the high crystalline quality of selectively doped structures fabricated by the proposed method. It has been shown 29 that accumulation of Sb atoms on the surface may lead to enhancement of surface roughness. AFM investigations of the surface morphology of grown structures revealed that at the used growth conditions the segregated Sb atoms only slightly increased the surface roughness of doped structures as compared with the initial Si wafer. The root mean square (RMS) roughness of a heavily doped layer (N Sb $10 20 cm À3 ) was $0.40-0.45 nm (and less for the lightly doped ones), which is only 2-3 times larger than that of the initial Si wafer (RMS $ 0.15 nm). Thus, the proposed technique for doping of Si structures in MBE provides an opportunity for fabricating selectively doped Si:Sb layers of high crystalline quality suitable for device applications.
V. CONCLUSIONS
In this work an original approach of fabrication by MBE of selectively doped, including d-doped, Si:Sb structures with abrupt dopant distribution and high crystalline quality is presented. The proposed approach is based on controllable usage of the strong dependence of the Sb segregation behavior on growth temperature in the temperature range of 300-550 C. It is shown that the method can be applied to forming Si:Sb doped layers in the range of impurity concentration of 5 Â 10
15

À10
20 cm
À3
. The characteristics of selectively doped layers obtained by SIMS analysis were 2-3 nm/ decade for the Sb profile abruptness and $2.5-4.0 nm for FWHM of d-doped layers. It is demonstrated that the real values of these parameters could be even better because of the restrictions of the SIMS analysis. Electrical activation of the incorporated Sb atoms was close to 100% and no signs of degradation of the crystalline quality of doped structures were observed.
